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Leptoquark (+CLFV)

* SM contains no explanation for the symmetry between quark and lepton
sectors. SM does not predict the number of generations.
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Leptoquark (+CLFV)

* SM contains no explanation for the symmetry between quark and lepton
sectors. SM does not predict the number of generations.

* Leptoquark is a color triplet boson (appear in many SM extensions)

mass = =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/ic? 0 =126
charge - 2/3 u 23 C 23 t 0 0 H
spin > 1/2 / 172 / 12 / 1 g
Higgs
up charm top gluon boson
=4 8 MeVic? =95 MeV/c? =4 18 GeVic? 0

d -1i3 S -1/3 b
102

€

LQ

g 2 r 4
down strange bottom photon
0.511 MeVie* 105.7 MeVic* 1.777 GeVic? 91.2 GeVlc?

-1 =1 -1 0
12 e 112 -I']' 112 T 1 3 1))
=
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Leptoquark (+CLFV)

* SM contains no explanation for the symmetry between quark and lepton
sectors. SM does not predict the number of generations.

* Leptoquark is a color triplet boson (appear in many SM extensions)

* LQs model are explored in Buchmiiller-Riickl-Wyler (BRW) framework under

SU(3)xSU(2)xU(1) : 14 different LQ types (7 scalars, 7 vectors) .

* Couple to both leptons and quarks and carry SU(3) color, fractional electric
charge, baryon (B) and lepton (L) humber

* Fermion number F=3B+L (F=0, F=2)
. @I @I @ @

up charm top gluon

=4 8 MeV/c? =05 MeV/c* =418 GeVic*

0
13 d -1i3 S -1/3 b 0
2 112 102 1

down strange bottom photon

0.511 MeVic? 105.7 MeV/c? 1.777 GeVic* 91.2 GeVie?
1 e -1 -1 T 0
12 172 I 112 1 /

electron muon tau Z boson

<22eVic? <0.17 MeV/c? <15.5 MeV/c?

1] 0 0

12 ])e 12 .I)}l 12 -I)T
electron muon tau
- neutrino neutrino neutrino
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is to be conserved

e Charged lepton flavor violation (CLFV)
LQ 1 generation Zg : II:CCQ) :: veg))(( LFC
-> LQ -> ugX
2 generation :c? - : LCCQQ - : ‘\;I:Z]X
CLFV
_ eq ->LQ -> 1qX
3 generation eq ->LQ -> v gX
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Charged Lepton Flavor Violation (CLFV)

With discovery of Neutrino oscillations, we know that lepton flavor is
not conserved

Is it also not conserved for charged leptons?

At EIC CLFV: eq->uq oreq->1q

Detector requirements :

- 41t muon detector

-41 hadronic calorimeter ( to identify a missing energy from
neutrinos)

JefferSon Lab 6

ccelerator Facility J u || a F u rl et ova



Leptoquark limits
LQ->eq LQ->uq and LQ-> 1q

Search for Leptoguarks at HERA (410 pb) Search for Leptogquarks at HERA (410 pb")
T T T T T

v ¥

< T H1 q‘;ﬁ’ IS B

ZEUS I & I
& & (ol ~ o
. . Swp e g 1wt
-La
F=0 scalar LQ limit F=0 vector LQ limit " ,l'// w ¢ (;M ]
ZEUS 94-00 ¢'p ZEUS 94-00 ¢'p e by 0
1 1 e (U Y

‘ 10-3 |55

Search for Leptoquarks at HERA (410 pb’)

¢
< T H1 qu"v R
o e

00 250 30 350 400 00 250 300 350 40 i eqL0,

. .
M, ((GeV) M, o(GeV) e e LE-|-P (eez:con'ra.ctj. 1-
I interactions ( indirec
= | p=2 scalar LQ imit D RS = ‘ N B S LN N

ZEUS 94-00 ¢'p RRRESELNKS 400

: GRLEELLILKK L:we 0 0 L:We Cons‘rr‘ains fr‘om e+e-->
Tl | A LGSR

*..4,(\'” R

? ) — eq . %‘?‘”N -:ﬁ;nj;onm::(e-UNd) ; produc‘”on ( )\, independenT)

* HERA/EIC (ep): single LQ
production M</s, contact

1
— Sy (en)

2 [
w0 20 30 30 400 10°F

% ) —— H1 Clanalysis limit ]
d 7/ /) CMS pair production i
S ATLAS pair production R

4 s D@ pair production
f // NN ?}Ared limit E
LA LA I R

M, o(GeV al % .
oD 200 400 600 800 1000 Interaction M>v/-5
M,o [GeV] :
For leptoquark Yukawa coupling A = 0.1, LQ ! \
the ZEUS bounds on the first-generation " ! g

leptoquarks range from 248 to 290 GeV 4 a 1Q .

HERA: L~10%%cm™s* (0.5 fb™?)
Jygﬁ;?son Lab EIC: L~1034cm'25'1 (>5O fbl)

omas Jefferson National Accelerator Facility J u I | a F u rl et ova
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Leptoquarks at EIC

] Branching ) ] Branching
Type | J | F Q ep dominant process | Coupling ratio Type | J | F Q ep dominant process | Coupling safloiB)
0 u AL 1/2 £+d AL 1/2
L . - _ L +d —
Sy |0|2]|-1/3 | egur { e e 1/2 VE |10 | +2/3 | efdr { o . 12
SE |0]|2|-1/3|egug — Lu AR 1 Vi |10 [ +2/3|efdg —  £fd AR 1
SE 0| 2|-4/3|egdpn —  £°d AR 1 VE |1]0|+5/3 | efup —  £tu AR 1
_ u —AL 148 " &+d —-AL 1/2
B 5 2/3 d, —
st |o| 2| M3 eLur { vd | —Ap 1/2 vi |1 |0 | T3] crd { Dy s 1/2
—4/3 | efdr, —  £7d | —V2Xg 1 +5/3 | efur, —  ftu | V2L )
Vlf72 12| -4/3 | edrp — —d AL 1 St | 0] 0| +5/3 | efur — ety AL 1
—1/3 | egur, — u AR 1 +2/3 | efdp, — etd —ARr 1
R =+ SE. 100
N L Y 1 113 +5/3 | efur —  £u | Mg :
V172 il 2 —1/3 BEUR — ~u )\L 1 5{4/2 0 0 _|_2/3 eEdR — E+d AL 1
: : : : Polarisation dependence
* High luminosity (~100-1000 higher then HERA) oar P
. - 2 Q- - -
HERA: L~10%3cm™ s (0.5 fb™)
. 2 .- _ = [, B O —
EIC: L~10%*cms? (>50 fb) 10 E ‘.
* Electron and positron beam will probe different types of 10 ”E Sor(ed), \=0.1
Leptoquarks Fe 2 —————
-electron-proton collisions, mainly F=2 LQs prodused 170> LS| resos
-positron-proton collisions, mainly F=0 LQs prodused o
* eD (deuterium) vs ep collisions 10 Lost peos
* LQs are chiral particles, gain in sensitivity due to polarised beams F—p . .
E 1 | Vo (PeY),
/? 0 100 150 200 250 300
Jrﬁe%ngseJ‘effesrsoMrA]lati!;raalA?:eleratorFacility JUIia Furletova David South ICHEP 2012A4LQ (GeV)



L eptc q uar'ks production Leptoquerk search

NC HERA

e (k) e (k) v (K)

—
LLLLL B R R L L. (L

L NC, P=+34%
- -e-H1 data (prelim.)
SM uncertainty

-
o
T

1l <
Events / 20 GeV
2,

50 100 150 200 250 300

M,/ GeV
e (k) q(p)
\ﬁ/ % 10°F
, g | CC HERA
| 1Q N 10%
: g 102
q(p=xP) /‘\ ; o g =+340
4< l \_\lfk) "'>" i (—:E'HF; dgt:xﬂ(’prelim.)
P(P) 1 _gm uncertainty LJ_
T = u-channel 50 100 150 200 250 300
s-channel (LQ exchange) Mg/ GeV
(resonant produc‘non) M > Js
M <Js LQ

?on La

omas Jefferson National Accelerator Facility
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Leptoquark signature

* 14 different LQ types (7 scalars, 7 vectors) . All 14 couple to electron and quark (NC-like), and

only 4 couple to both eq (NC-like) and vq (CC -like)

Signature ep->uX

| | LQ signature
e a(C-DIS like
b « Missing P_+ jet (v+jet)

. L,
Sy 1

5T MC event

NC-DIS like

* Back to back topology (I+jet)

High Pt isolated lepton, balanced by a jetin  Tqu + Je-r (CLF\/)
transverse plane N
| .. (ep->1q)

/ T - evevr } BR"’ 36%

. . B e VALY
Electron + jet Muon + jet (CLFV) N Hadronicudrecay

ep->eq ep->uq Narrow “pencil” like jets
(1-3 pions)
lj Matt Gonderinger (LFV at EIC)
“j’i?%seffesrgrrl\]laﬁ!;aam?:elerator Facility 1 0
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Lep‘roq UClr'k EIC: e- 10 GeV, p 100GeV, 1=0.3

“‘ ......... M ..... =30c;ev - 0_=7nb
s RA e | S |
[} :
2
3 R ‘
w
S 12 | X
: el 0=0.3nb
0.25 0.3 035 0.4 045 0.5 055 0.6
Angular spectrum X
° Scalar LQ (S'Channel) or VeCtOI' o e
. . 0 0.5 1 0 0.5 1
(u-channel) — decay isotropically
=> cos0”* or y dependence is flat
* Vector LQ (s-channel) or Scalar
2
LQ (u-channel) — (1-y) 5=3nb
dependence.
* DIS background: 1/y? )
- Artificial Neural Network vt
I e =0.6nb
‘ 0:1 - . : '--: - | 1 |||| T
0 100 150 200 250 300 50 100 150 200 250 300 \ 0 0.5

M, (GeV)

Jmeﬁ;?son Lab X »

omas Jefferson National Accelerator Facility J. .
ulia Furletova
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LQ cross section at EIC

LQgenEP Monte Carlo g
A=0.3 ep=10,100 GeV g
LQ type Process  BR o(hb) for  o(fb) for E
1-st gen. M =506eV M =1506eV 3

eu->eu 100%

ed->ed 50%
eu->vd 25%
eu->eu 25%

edved 13% 132 S VIR I IR I U D D

1/2 50 100 150 200 250 300 350 400
eu->eu 87% Leptoquark mass, GeV

----- -e50v  HERA: L-10™ e (05 fb)

EIC: L~10%cm3s? (>50 fb?)
/?on Lab

omas Jefferson National Accelerator Facility
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Leptoquark

M_=30GeV

&0 [
2 oS
Zofo-
- E B m i
~ L
o 4, @ zEUS
10 7l
[ JLABL
103
102,
10 - : — /,/
//
10 10 1

M Q=56GeV <

Typical HERA selection cuts:
« x>0.1
« Q% 2500 GeV?

0 0.5

y

.lgfe;so n Lab
omas Jefferson National Accelerator Facility
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Leptoquarks with M , > /s

d*c  d*osm _I_dgoi?éM _|_d2‘7i?}.§3M . d*os N d*o,
dzdQ?  dzdQ®  dzdQ? | dzdQ?  dzdQ? ' dzdQ?

LEPTOQUARKS at EIC

e (k) 1K) e (k) q()
v
s-channel . u-channel
(resonant 1 L0 (LQ exchange)
production) ! Q> Vs

M < /s -
1 wsp) )
q@p)
P(P)

Jmeﬁ;?son Lab

omas Jefferson National Accelerator Facility
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LQ and DIS Parity

New Physics Can Modify e-q Coupling

Heavy short range int New Z'
e e

4-Fermi Contact

e e e'ﬁ e

; g
Cross section 7
N 2
Opto ~ Y Z v-Z amplitud "
R L t interfere in £ Sompositeness
e
e e r e e e eW
PV Asymmetry \z/ \7/
Y + 8
A =R O I RI== up
PV ¥ h L SCALAR LEPTOQUARKS WITH F=2 (S, ,)
Or ™ O e e 2 \ ~
/ \ Look for small
YE new physics ' DIS-PV
v-q large and — Short distance s NN excluded
well understood e-Z-q probe W' ——
SM value known o 2EUS Mt

DIS-Parity will provide complementary information
to direct search and will significantly extend the
limit on the existence of leptoquarks beyond the
currently set in direct searches

.ler;f;?son Lab

omas Jefferson National Accelerator Facility
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(Prelim.)
H1 direct limit
- (e'p) E
DO limit

150 175 200 225 250 275 300 325 350 375 400
M, (GeV)

DIS-Parity could put limit M, _>2.4 TeV

R. Arnold, DIS-Parity SLAC
EPAC 15
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Running of sin*(®_ ) with Q?

* Measurements of a weak mixing angle

0.242

0.240

0.238

l

g [ EIC

©_ 0236F  APV(CY CHERSE (statistical errors only) _
. [ SOLID (Jlab) 1
[ 0.234 i
0.232} ]
[ [] 1
0.230 i SLAC .

3 2 1 0 1 2 3

log0(Q [GeV])

* Deviation from the "curve” may be hints of BSM scenarios
including: Lepto-Quarks, RPV SUSY extensions, E,/Z' based

extensions of the SM

) R. Arnold, DIS-Parity SLAC
Jefferson Lab EPAC 16

omas Jefferson National Accelerator Facility J u || a F u rl et ova
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Flavor changing neutral current (FCNC)

* Search for rare or SM- forbidden decays of a charmed mesons
c-ull
Br(D+ -> m+p+p-) < 3.9x 10 *°

* Search for a scalar leptoquark coupling in the D+ -> m+ I" | decay or D -> p+p-

olT 0.0001
:-\.)
i 1e-05
[~ ]
< 1e-06 F
i
R 1e07}

1e-08 ¢

1e-09

1e_10 1 1 1 1 1

0 0.5 1 1.5 2 2.5 3
q* (GeV?)
S. Fajfer, arXiv:0810.4858v1
.Lgfe;son Lab ) J
omas Jefferson National Accelerator Facility 1 7
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Signature:

Electron and gluon jet
(different jet fragmentation
compared to a leptoquark)

(TeV™")

A

Je f,;?son Lab

omas Jefferson National Accelerator Facility

0.1

Resonant production of Leptogluons

-Leptogluons are color-octet states.
-Carrying lepton number and couple to gluons

Color octet charged leptons €8: m 8>86 (GeVI[CDF: Abe, PRL 63, 1447]
HERA: excluded scale region A<1.8 TeV for m ~100GeV
New bound on e8 mass: m, > 1.2TeV [Goncalves-Netto et al., 2013]

LHC: muonic Ieptogluon US t-channel exchange
(di-muon channel) o(pp->pu) ~ 1fb

miu

HERA ' G

‘ muG
it

LHC: m_> 1.5TeV for Vs=8TeV and A= 3.4TeV

H1
arXiv:1511.05814 Y. C. Acar

100 150 sl — “Leptogluons for FCC”
M (GeV)
“Collider Searches for Leptogluons “

-D. Zhuridov.
18
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http://arxiv.org/abs/1511.05814

o U
SUSY search Squark production

Rpviolating Lepton+jet:
Kk decay ¢.WTV
L+3B+2S Squat - Leptoquark
° if\/" = - q
R-parity: Rp = (-1) ¢ \_ production q searches
( Rp = +1 for SM particles, —---7F
-1 for SUSY particles) qa/ *
* If RPV: single resonant squark GGUQIHO Sear'ch
roduction possible in e If M > Mooyon
q I
collisions s-channel suppressed = t-channel dominant, probing X’ .
Gaugino production: e* X12 et X1
o~(\) 7
Independent of '
& Search for Squarks in R, SUSY at HERA (ep 183 pb) squark masses! 7 u A d, ”
..E, Gaugino Decay:  Electron channel
X1 2
BRs add up to
almost 100%. ¥+ decay to same final states

Neutrino channel

--.-___. P e "‘.',.. N
J __.....__..-----‘;;;;rto!Pﬂtamemyp I’ tnpa2 \% C. Horn SUSY
-l T ptaded 2300 <yt <300 GeV 2006

- “" 70<M, <350 GeV Ve, Ve

e o o Gravitino search

IIIIIIIIIIIIIIIIIIl[IIIIIIIIlIIII

10700 120 140 160 180 200 220 240 260 280 Signature: et
Msquar [GEV] v, jet,

T,miss d

J*er;f;r;s'on Lab

mas Jefferson National Accelerator Facility

Julia Furletova 19
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General search for New Phenomena

H1 General Search at HERA {e'p, 285 pb™)
. . . . ' >

—
L.

—
—— * Model independent generic search for final
> states with = 2 objects (e, y, jet, v, v)

HWUHEHHE

oo o
| AR )
Segoetn?

* Look for possible deviations from SM in total
event number and in 2p_and Mass

m distributions

FTHREHH FHA T

HH {UAEt

L. * A4 =

!

T =

‘?-z::‘:r?._

Foc-oo
EFL ©O
L ]

‘:or?
léé:l

U

i)
<2

[

: : > ® H1Data
= 5 = sN

LT
M Rt i | 1

T N T e |||'=
SR R L UL SN R S SR SR B - L

st St oL

102 10" 1 10 10 10° 10° 10°
Events

Jefferéon Lab 20
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Multi leptons and isolated leptons with missing PT

SM process with isolated lepton and P_™  Anomalous triple gauge WWYy couplings

5 . Scattered electron, ot o
Undetected? \%/
Hadronic system, :> w 4
low Pt Wl T < .

T v Neutrino, Pt miss ﬁ

Isolated lepton,Pt

Resonance production,

Multi-leptons in yy process: look for ¢.g- Doubly-charged Higgs b 0sons (H:Htf )

deviation from SM - resonances H++ decays into ee, ey and
- e eT pairs
\'%// HERA limit:
g I’ In ee channel H= <138 GeV are
A | :> excluded for a coupling /ee = 0.3.
- | In the eu channel masses below 141
/ér// GeV are excluded for a coupling 0.3
' X

P MM/ % In the er channel masses below 112
GeV are excluded for a coupling 0.3

Je f,;?son Lab

omas Jefferson National Accelerator Facility J u || a F u rl et ova
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EXClted Fe rm |O n S * Production via t-channel y(Z°),W exchange

a)ep-> e*-> eyX b) ep-> v¥-ovyX ., Lepton de-excitation by emission of y
* Observation would be direct evidence for
compositeness
* Compositeness could explain the three
lepton/quark families and their mass hierarchy

(

(

p \\\\\ P X

(C) ep_> q*-> eqYX | Q= aqy
e < HERA |
e « | s
' q g“ e* — el 1 gm
IR VS
Y. W 07 SN
pet— ey
P :\\\ \\\\—E X

I I
50 100 150 200 300 10, 50 100 150 200
Excited Electron Mass (GeV) Excited Quark Mass (GeV)

e*
= Search for e* at HERA (475 pb™)
O F — % rmme .
T o H1 Baran S 1 b H1v limits
S 1 © e signal S f/f e[-5; +5]
W 16 , ~
P 4 e*—ey(ela) = R
: 't __ep
12E .
8f i
E 2
65— 10 F
4=
2 :_ T
E .|..l+... AN LT T
50 100 150 200 250 300 350 10 -3 g <
e* Mass [Ge 100 150 200 250
[ V] v mass (GeV)

Jefferéon Lab
omas Jefferson National Accelerator Facility
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Pentaquarks at EIC

QCD: only colorless states can exist as
free particles: qq (mesons), qqq (barions)
Other colorless combinations (QCD)

not forbidden:

qqqq (tetraquarks),qqqqq (pentaquarks)

O [uudds] (1.536eV) -> K'n (LEPS, CLAS,
SAPTHIR).

Evidence for = (ddssu), =(udssu) by
NA49 (pp Vs =17 GeV)

Charmed pentaquarks ©°€ [uuddc/uuddc] w
D*p ZEUS vs H1 comparison

1 GeVE H1 selecton criteria
TPOS therpe (e,

Entrles per 10 MeV

<5900 D"

MM«‘T%%MM

'b) QF< I(}a\l‘z H1 selacfon criteria

.............

Combiraticns per 10 MgV

NomEEBQBSSomEGEEﬂ&SG

1 E
’ 3

3.4 By

M(D ) M M(D ")PDQQGeV) M (D"p) [ GeV |

LHCb: P* b(438p) and p* 0(4450)

Events/(15 MeV)

.Lﬁel/ son Lab

omas Jefferson National Accelerator Facility

(talk by Justin
Stevens)

Possible search for Pentaquarks in
photoproduction
-photoproduction of hidden
charm pentaquarks

P*c[uccud](4380) and P~ (4450)

s — channel

N

-Tetraquarks: probe the new XYZ states
and heavyquark hybrid mesons

v p-> Z* [ccud] (3900) +

ky J/
4 Iz}
T VMWW * Low-Q2 electron and
N .| +q2 I neutron _ _
. T . ’ (close to beam pipe) detection
— — . * Excellent e/ separation

-Potential bottomonium production Zb(10610)
and Zb(10650) similar to observed at Belle

23
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B 0000
Conclusions

* High luminosity, polarization, possibility to switch to e+,
and comparison of data for ep and ed (eA) are essential
for Leptoquark searches.

* 41t detector with perfect calorimetry (EM and HCAL) and

with 41 muon detectors are beneficial for physics BSM.

“Everything is possible! The impossible just takes a little longer...”

Jme;f,e;son Lab o4
omas Jefferson National Accelerator Facility J u || a F u rl et ova



Backup

JTer;f,e;so n Lab
omas Jefferson National Accelerator Facility

Julia Furletova 25



Jyerﬁ;rjs'on Lab

omas Jefferson National Accelerator Facility

Julia Furletova 26



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26

